Recurrent urinary tract infections (UTIs) are a significant clinical problem for many women; however, host susceptibility factors have not been completely defined. The mouse model of induced UTI provides an experimental environment in which to identify specific host characteristics that are important in initial bacterial colonization of the urinary tract and in resolution of an infection. This study examined initial susceptibility, bacterial clearance, and host defense mechanisms during induction and resolution of Escherichia coli UTIs in genetically distinct strains of mice. Of the ten inbred strains tested, six (BALB/c, C3H/HeN, C57BL/6, DBA.1, DBA.2, and AKR) showed progressive resolution of bladder infections over a 14-day period. A constant, lowlevel bladder infection was observed in SWR and SJL mice. High bladder infection levels persisted over the 14-day study period in C3H/HeJ and C3H/OuJ mice. Kidney infection levels generally correlated with bladder infection levels, especially in C3H/HeJ and C3H/OuJ mice, the two most susceptible strains, in which infections became more severe with time after challenge. The degree of inflammation in bladder and kidneys, as well as antibody-forming cell responses, positively correlated with infection intensity in all strains except C3H/HeJ, which had minimal inflammation despite high infection levels. These results demonstrate two important aspects of host defense against UTI. First, the innate immune response to an infection in the bladder or kidneys consists primarily of local inflammation, which is followed by an adaptive response characterized in part by an antibody response to the infecting bacteria. Second, a UTI will be spontaneously resolved in most cases; however, in mice with specific genetic backgrounds, a UTI can persist for an extended length of time. The latter result strongly suggests that the presence or absence of specific host genes will determine how effectively an E. coli UTI will be resolved.
Urinary tract infections (UTIs) are one of the most common conditions seen in primary care, hospitals, and extended-care facilities (17) . While UTIs can affect both men and women, they are far more prevalent in females. Approximately 50% of adult women report having had one or more UTIs, and some of these women will develop a history of repeated infections (17, 18) . A number of studies have sought to define characteristics that make this patient population unusually susceptible to UTIs. Among host factors described thus far are increased numbers of receptors for uropathogenic Escherichia coli on vaginal and bladder epithelial cells (23) , lowered urinary glycosaminoglycan excretion (19) , low levels of cervicovaginal or urinary antibodies to uropathogens (12, 26, 27) , hyporesponsiveness to antigens on uropathogenic E. coli (14) , and specific ABO or Lewis erythrocyte antigen phenotypes (15, 20, 24) .
Animal models provide a means to evaluate host factors that affect resistance to UTIs. Results from studies of mice and rats have revealed that a genetic component may be important in determining increased UTI susceptibility. A more severe UTI develops in the SWR and AKR strains than in BALB/c or C57BL/6 strains when mice are inoculated intravesically with Enterococcus faecalis (6, 7) , and C3H/OuJ and C3H/HeJ mice are significantly less able to resolve an E. coli UTI than C3H/ HeN mice (10) . The objectives of the current study were to determine the extent to which the genetic backgrounds of other inbred strains affect induction and resolution of an E. coli UTI and to delineate the innate and adaptive immune responses elicited by bladder and kidney infections. Our data on the time course, local inflammatory responses, and antibodymediated immunity to a UTI induced in different inbred mouse strains indicate the capacity of mice to resolve an E. coli UTI and provide further evidence that a genetic component is associated with host susceptibility and resistance to UTI.
MATERIALS AND METHODS
Mouse strains. C3H/HeN mice were purchased from Harlan-Sprague Dawley (Indianapolis, Ind.). All other strains were obtained from the Jackson Laboratories (Bar Harbor, Maine). The mouse strains evaluated in this study do not have major, congenital immunodeficiencies, although unresponsiveness or hyporesponsiveness to specific mitogens or antigens has been reported. C3H/HeJ mice are unresponsive to the B-cell mitogen, lipopolysaccharide (21) , and DBA.1, DBA.2, SJL, and SWR mice are low responders to the T-cell mitogen phytohemagglutinin (9) . Poor responses to protein antigens such as bacteriophage have been reported for AKR and BALB/c mice (16) , and DBA.1, DBA.2, and SWR strains have diminished antibody responses to ovomucoid (29) . Synthetic antigens composed of amino acid polymers elicit poor antibody responses in DBA.1, DBA.2, C57BL/6, and SJL mice (2). Significant differences between mouse strains have been reported for an immune response to Salmonella outer membrane proteins. C3H/HeJ and A/J mice have strong responses, while BALB/c mice respond poorly (4) .
Infection induction and assessment. Mice were infected by intravesical inoculation with 10 8 E. coli 1677 CFU delivered in 50 l. Virulence characteristics of this strain include type 1 and P fimbriae, hemolysin, aerobactin, and the O6 serotype. Inoculation procedures and methods for the determination of bladder and kidney infection levels have been described previously (11, 13) . Infection levels at 1, 3, 7, and 14 days after inoculation were defined as the numbers of viable E. coli cells per milligram of bladder or kidney tissue. The 14-day study period was based on previous experience with our mouse model, which indicated that an induced UTI will resolve within this length of time.
Histopathology. When the bladder and both kidneys of each animal were removed for infection assessment, one-half of each organ was reserved for histopathology evaluation. Sections 5 m thick were cut from paraffin-embedded tissue and stained with hematoxylin and eosin. The degree of inflammation over the total area of each section (both bladder and kidney) was graded by the same veterinary pathologist (A.G.-F.) by the criteria in Table 1 . Slides with sections from untreated animals were identified and used to establish a baseline for uninfected tissue. Bladder and kidney sections from infected animals were read without knowledge of bacterial infection level or time point.
AFC assay. The antibody-mediated immune response to infection was evaluated by quantifying the number of splenic antibody-forming cells (AFCs) produced in response to E. coli 1677 by an enzyme-linked immunosorbent spot assay previously described (21) . In brief, killed E. coli cells were used to coat plastic petri dishes and then were overlaid with a suspension of spleen cells. Localized deposition of anti-E. coli antibody was detected by incubating the plates with alkaline phosphatase-conjugated anti-immunoglobulin M (anti-IgM), followed by the addition of substrate and chromogen.
Statistical analyses. Individual data sets were analyzed by the most appropriate method, and each statistical test is identified when a P value is cited. Analyses used were the Ward's and centroid cluster methods, analysis of variance (ANOVA), analysis of covariance (ANCOVA), linear regression, Spearman's rank correlation, and ordinal logistic regression (OLR) (14) . Figure 1 presents the time course of induced E. coli bladder infections in 10 different inbred strains of mice. Data on infection levels in C3H strains were previously reported (5) and are included here to provide a comprehensive view of UTI resolution for all of the strains tested. Cluster analyses were performed to determine which strains had similar or different patterns of infection resolution. The results in Fig. 1 indicate three basic patterns of infection outcomes: (i) progressively resolving from an initial high infection level, (ii) a constant low infection level, and (iii) not resolving from an initial high level of infection.
RESULTS

Bladder infections.
Six mouse strains (BALB/c, C3H/HeN, DBA.1, DBA.2, C57BL/6, and AKR) showed progressive resolution of the induced UTI. Mice from these strains had equivalent numbers of bladder CFU on day 1 (P ϭ 0.44 by ANOVA). Infection levels steadily decreased over the next 2 weeks in an approximately linear fashion on a log-log scale (slopes ranged from Ϫ0.48 to Ϫ0.93; P Ͻ 0.001 in all cases; R 2 ranged from 0.54 to 0.81 by linear regression).
Infection levels on day 1 in C3H/OuJ and C3H/HeJ mice were equivalent to those in mice of the six strains that resolved their infections (P ϭ 0.60 by ANOVA). The C3H/OuJ mice, however, had UTIs that persisted and became more severe over the 14-day study period (slope ϭ 0.41, P ϭ 0.04, and R 2 ϭ 0.19 by linear regression). Following a decrease in infection level on day 3, C3H/HeJ mice had increasing levels over the remainder of the study (slope ϭ 0.20, P ϭ 0.40, and R 2 ϭ 0.04 by linear regression). A continual, low-level infection was observed in SWR and SJL mice. Initial bladder infection levels in these animals were 1% of those seen in the other eight strains. Numbers of E. coli CFU in the bladder did not appreciably change for either strain over the 14-day study period.
Kidney infections. were also determined. Infection levels for all strains except C3H/HeJ were equivalent 1 day after inoculation (P Ͼ 0.05 by ANOVA). On day 3, C3H/OuJ and DBA.2 mice had higher levels of infection, with bacterial numbers in C3H/OuJ mice increasing to those in C3H/HeJ mice. The remaining strains (AKR, BALB/c, DBA.1, C3H/HeN, C57BL/6, SJL, and SWR) had either unchanged or lower numbers of kidney E. coli CFU at this time point. At 1 week after inoculation, mice of the last seven strains and DBA.2 mice had equivalent, minimal kidney infections that remained unchanged at day 14. In contrast, C3H/HeJ and C3H/OuJ mice had significantly higher infection levels at both of these later time points. Data for the C3H strains were previously reported (5) and are included for comparative purposes. We further analyzed these data to determine whether the intensity of the kidney infection in an individual animal was related to the level of bladder infection. Kidney and bladder CFU for individual mice were analyzed by Spearman's rank correlation test. The resulting correlation coefficient was found to be 0.419 (P ϭ 0.0001), indicating a moderately high degree of association.
Bladder inflammatory responses. Mouse strains in which bladder infections decreased over time (AKR, BALB/c, C3H/ HeN, C57BL/6, DBA.1, and DBA.2) generally had moderate initial inflammatory responses (grade 1 to 2), all of which appeared to decrease with time after inoculation and decreasing numbers of E. coli CFU (Fig. 3) . OLR indicated that the declines in inflammation were significant for C3H/HeN, C57BL/ 6, and DBA.1 mice (P Ͻ 0.05) and were nearly so for DBA.2 mice (P ϭ 0.091). In contrast, C3H/HeJ mice had minimal inflammation throughout the 14-day study with no evidence of change over 14 days (P ϭ 0.17 by OLR) even though the intensity of their bladder infections remained high during this period. The C3H/OuJ mice had an unchanging grade 2 to 3 inflammation throughout the course of infection (P ϭ 0.59 by OLR). Bladder and kidney inflammatory responses were previously reported (5) and are included here for comparison.
Kidney inflammation. Kidney inflammation 1 day after inoculation was in the range of 0 to slightly greater than 1 for all mouse strains except C3H/HeN, which had a mean score of 1.7 (Fig. 4) . Scores for all strains except C3H/OuJ were approximately 1 or less for the duration of the 14-day study period. Mean kidney inflammation scores for C3H/OuJ mice steadily increased to a maximum of 2.7 on day 14.
Splenic AFC responses. The numbers of IgM anti-E. coli AFCs/spleen at 1, 3, 7, and 14 days after inoculation for mice from 10 mouse strains with E. coli UTIs are presented in Fig.  5 . All C3H strain mice had 4-to 10-fold more anti-E. coli AFCs prior to infection than mice of the other seven strains (P ϭ 0.0005 by ANOVA). During the first 3 days of the induced UTI, anti-E. coli AFCs increased in mice of all strains except DBA.1; thereafter, IgM AFC responses tended to decline or remain unchanged for the remainder of the 14-day study.
Correlations between infection course and host resistance. Since infections of the bladder and kidney induce inflammatory and immune responses, we examined our data for correlations between bladder and kidney infection levels, inflamma- FIG. 3 . Bladder inflammation scores for inbred mouse strains during the course of E. coli UTIs. Mice were inoculated intravesically with 10 8 E. coli CFU on day 0 and sacrificed at day 1, 3, 7, or 14. The degree of inflammation over the total area of each section was graded according to the criteria in Table 1 . Each point represents the mean inflammation score of 5 or 6 mice. Symbols are as defined for Fig. 1.   FIG. 4 . Kidney inflammation scores for inbred mouse strains during the course of E. coli UTIs. Mice were inoculated intravesically with 10 8 E. coli CFU on day 0 and sacrificed at day 1, 3, 7, or 14. The degree of inflammation over the total area of each section was graded according to the criteria in Table 1 . Each point represents the mean inflammation score of 5 or 6 mice. Symbols are as defined for Fig. 1.   FIG. 5 . Anti-E. coli splenic AFC responses in inbred mouse strains during the course of E. coli UTIs. Mice were inoculated intravesically with 10 8 E. coli CFU on day 0 and sacrificed at day 1, 3, 7, or 14. AFCs in the spleen were detected by an enzyme-linked immunosorbent spot assay using whole E. coli cells as the target antigens. Each point represents the mean inflammation score of 5 or 6 mice. Symbols are as defined for Fig. 1. tion scores, and anti-E. coli AFCs. Results of analyses using Spearman's rank correlation coefficient and associated significance tests showed a moderate degree of association between bladder infection and inflammation (r s ϭ 0.377, P ϭ 0.0001) as well as between kidney infection and inflammation (r s ϭ 0.446, P ϭ 0.0001). Excluded from these analyses were C3H/HeJ mice since they did not show inflammatory responses despite high infection levels. Splenic AFC numbers were positively correlated with bladder and kidney infection levels (r s ϭ 0.327, P ϭ 0.0001 and r s ϭ 0.424, P ϭ 0.0001, respectively).
DISCUSSION
Variability in the induction and resolution of UTIs in genetically different mice inoculated with the same E. coli strain indicates that genetic makeup is an important factor in determining host susceptibility and defense against infection. Significant infections were induced and resolved spontaneously in most strains examined; however, SJL and SWR mice had the least-severe UTIs, and C3H/HeJ and C3H/OuJ mice had intense infections that persisted throughout the 2-week study period. The specific host characteristics that contribute to differences in the induction and resolution of UTIs in the strains we have studied here are not known at this time. In SWR and SJL mice, where uropathogenic E. coli did not cause severe bladder and kidney infections, host genetic factors may decrease the capacity of E. coli to adhere to bladder epithelial cells. It is also conceivable that in both these strains, as in nonsusceptible women, there is a low density of cellular receptors for uropathogenic E. coli. Alternatively, bladder mucin may bind to bacterial cellular receptors and block adherence to the bladder epithelium.
In mice that progressively resolved bladder and kidney infections, it appeared that local inflammation and induction of an antibody-mediated immune response to E. coli were temporally related and associated with infection resolution. The most intense bladder inflammatory responses tended to occur within the first 1 to 3 days after inoculation and were followed by a marked increase in splenic anti-E. coli AFCs. Kidney inflammatory responses were also observed within the first 3 days after inoculation and coincided with the appearance of AFCs. It is likely that a combination of these innate and adaptive responses to infection was responsible for UTI resolution, as has been reported for a diuresing mouse model of E. coli UTI (3, 25) . Here, an influx of polymorphonuclear neutrophils into the bladder was followed by the appearance of mononuclear inflammatory cells within 1 week after intravesical inoculation. Anti-E. coli antibodies were subsequently detected on bacteria recovered from the urine. The phagocytosis of bacteria by mononuclear cells such as macrophages reduces the number of bacteria in infected organs and is also an important first step in generating adaptive responses. Bacterial antigens processed by macrophages activate T lymphocytes which, in turn, participate in the stimulation of antibody-producing B cells. With the exception of those in C3H/HeJ mice, the AFC responses seen in mice of the strains tested were very likely initiated through the bladder inflammatory response. In C3H/HeJ mice, inflammation in the kidney may have facilitated the recruitment of antigen-presenting macrophages.
The C3H strains in which infections persisted in the presence of significant inflammatory or AFC responses provide an opportunity to identify apparent deficits in their defense mechanisms against an induced E. coli UTI. In particular, C3H/OuJ mice had intense bladder and kidney inflammation as well as the largest numbers of splenic AFCs produced in response to E. coli. This observation indicates that an inflammatory response alone is not sufficient to resolve an E. coli UTI and suggests some deficit in the adaptive response. In this regard, antibodies induced by the infection may not be specific for antigenic sites on bacterial virulence factors. The C3H/OuJ mice may be capable of making antibodies to many different E. coli antigens so that AFCs are detected, but they may be unable to produce antibodies which specifically inhibit bacterial adherence to epithelial cells. It is also conceivable that C3H/OuJ mice may have a defect in transporting antibodies into the urine or in phagocytosing opsonized bacteria. We observed that C3H/HeJ mice had high infection levels in the presence of large numbers of anti-E. coli AFCs but did not have intense inflammation in the bladder. This result supports the concept that lipopolysaccharide responsiveness is important for initiating cytokine-mediated inflammatory responses to gram-negative bacteria at mucosal surfaces (1, 8) . Whether C3H/HeJ and C3H/OuJ mice have common deficits in antibody-mediated immunity to E. coli or in other host defense mechanisms remains to be determined.
The data presented here add to that in previous reports by other investigators on differences between inbred mouse strains in susceptibility to chronic pyelonephritis. As noted above (3, 4) , SWR, AKR, and C57BL/6 mice develop chronic pyelonephritis lasting up to 12 weeks after intravesical inoculation with enterococci; however, we found that these strains did not develop any significant kidney infections following similar inoculation with E. coli. There has also been a report of chronic pyelonephritis in BALB/c mice infected with E. coli (5) , in contrast to our finding of minimal kidney infections in this strain by 1 week after inoculation. Mice in that study and ours were inoculated with equivalent numbers of E. coli CFU, but three separate inoculations over a 16-week period were needed in that study to achieve chronic kidney infections. Our studies achieved kidney infections spanning at least 2 weeks in C3H/ OuJ mice following a single inoculation and also showed that kidney pathology increased with length of infection time. Taken together, these various studies point to the important finding that there were marked differences in the induction and clearance of lower-and upper-tract infections in mice and that these differences are dependent upon the bacterial strain, mouse strain, and inoculation methods used.
In conclusion, this study has demonstrated that genetically distinct inbred mice differ in initial susceptibility to an E. coli UTI and ability to resolve an induced infection. Significant UTIs were induced in the majority of mouse strains evaluated, and mice in all but two strains (C3H/HeJ and C3H/OuJ) were able to successfully reduce the number of bacteria in bladder and kidneys over a 2-week period. We have also demonstrated that an antibody-mediated immune response is elicited by an E. coli UTI in mice, consistent with results for nonhuman primates (13) . The observation that C3H/HeJ and C3H/OuJ mice had intense, protracted infections despite significant anti-E. coli AFC responses suggests that these animals may have one or more genetically determined deficits in antibody responses to specific E. coli virulence factors or in other host defense mechanisms. A clearer delineation of these deficits by using the mouse model of UTI will increase our understanding of genetic factors that may determine UTI resistance and susceptibility in humans.
